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We discuss the measurement of the neutrino oscillation parameters at future long baseline experiments in
terms of the motivation of the experiments, the quantities of interest from the theoretical point of view, the
phenomenology of these experiments, and the experiment choice. We illustrate the oscillation physics potential of
a neutrino factory, as a representative for the most challenging technologies. Finally, we point out that a future
neutrino oscillation facility might also be affected by the unexpected.
Theoretical motivation and quantities of
interest. Future long baseline neutrino oscilla-
tion facilities are primarily designed to measure
the unknown mixing angle θ13, for which only an
upper bound exists, the neutrino mass ordering
(mass hierarchy), and the leptonic CP phase δCP.
In addition, there typically is good sensitivity to
the atmospheric neutrino oscillation parameters
∆m231 and θ23. But what motivates the measure-
ment of these parameters?
The neutrino mixing parameters and mass
squared differences are often assumed to origi-
nate from a theory beyond the Standard Model
(BSM), see Ref. [1] for an overview. Such a fun-
damental theory typically has two ingredients:
It has to explain the smallness of neutrino mass
compared to the charged leptons and quarks, and
it has to describe the relative magnitude and
ordering of the masses (flavor structure). The
smallness of neutrino mass is typically assumed
to come from integrating out a heavy BSM par-
ticle (type I, II, and III seesaw mechanisms), or
from radiative corrections induced by such par-
ticles in loop diagrams. The flavor structure is
often described by patterns for the Yukawa cou-
plings (textures), discrete flavor symmetries, or
anarchy arguments. A Grand Unified Theory
(GUT) may, in addition, establish a connection
between the quark and lepton sectors. Models
from the discussed theories typically predict the
neutrino oscillation observables, such as θ13 and
the mass ordering sgn(∆m231) (mass hierarchy),
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see, e.g., Ref. [2]. Although the mass models can
in most cases be not very precise in their pre-
dictions, since, for example, radiative corrections
may change the results (see, e.g., Ref. [3]), it is
obvious that improving the knowledge on these
observables leads to a better understanding of the
origin of neutrino mass. Therefore, the magni-
tude of θ13 and the mass hierarchy are good per-
formance indicators for theoretical mass models.
Other known performance indicators for theory
are the sensitivity to CP violation as an indica-
tor for leptogenesis (see, e.g., Ref. [4] for a direct
connection in certain cases), and the sensitivity
to deviations from maximal mixing [5].
Apart from these observables, there exist other
discriminators among theoretical models. For ex-
ample, in Ref. [6], two different configurations
with maximal mixings from both Uℓ and Uν have
been considered (θℓ23 = θ
ν
12 = π/4 and the other
angles zero), which lead to the following sum
rules:
θ12 ≃ π
4
± θ13 cos δCP , θ23 = π
4
∓ θ
2
13
2
, (1)
where the upper signs stand for corrections from
θℓ12, and the lower signs for corrections from θ
ℓ
13.
From the first equation, we can read off that θ13
has to be large in both cases, and δCP has to be
close to π or 0, respectively, in order to obtain a
small enough θ12 in the currently allowed range.
From the second equation, we can moreover read
off that the θ23 octant can discriminate the two
possibilities, in principle. Another example are
1
2relationships such as
θ12 + θC
(
1√
2
+
θC
4
)
︸ ︷︷ ︸
k
≃ π
4
(2)
from Ref. [7], which are representative for quark-
lepton complementarity (QLC) as an indication
for quark-lepton unification. Note that compared
to the original QLC, as introduced in Refs. [8,9]
which is incompatible with tribimaximal mix-
ings [10], k 6= 1 here, as it is typical for “mod-
ern” QLC approaches. Therefore, k may serve
as a performance indicator for quark-lepton uni-
fication. Finally, other performance indicators
for theory could be | sin2 θ12 − 1/3| as indica-
tor for tribimaximal mixings, and any deviation
from the standard oscillation framework. In sum-
mary, there are a number of indicators which
can discriminate different theoretical approaches.
For long baseline experiments, the most impor-
tant ones might be the magnitude of θ13, the
mass hierarchy, leptonic CP violation, the value of
δCP, deviations from maximal atmospheric mix-
ing, and the θ23 octant.
Long baseline phenomenology. Long base-
line experiments at the GeV scale produce neu-
trinos by the decays of pions and kaons (super-
beams), muons (neutrino factories), or unstable
nuclei (beta beams). The first oscillation channel
of interest is the νµ → νµ disappearance channel2
to measure ∆m231 and θ23. For θ13, the mass hier-
archy, and δCP, one may use the “golden” [11,12]
νe → νµ (neutrino factory, beta beam) or νµ → νe
(superbeam) channel, the “silver” [13,14] νe → ντ
channel (neutrino factory), or the “platinum” [1]
νµ → νe channel (neutrino factory). The latter
two possibilities are very challenging, since the sil-
ver channel typically operates with relatively low
statistics (compared to the golden channel), and
the platinum channel requires charge identifica-
tion of the electrons. Other interesting channels
are the νµ → ντ appearance channel to verify the
oscillation into ντ ’s (OPERA [15], neutrino fac-
tory? – see, e.g., Ref. [16]), and the neutral cur-
rent measurement to study new physics [17,18].
2In this discussion, να can refer to antineutrinos as well.
Let us now focus on the νe ↔ νµ oscilla-
tion channels to measure θ13, mass hierarchy,
and δCP. From analytical approximations of
the oscillation probabilities, such as given in
Refs. [12,19,20] expanded to second order in θ13
and α ≡ ∆m221/∆m231, one can read off that
these quantities of interest can, in principle, be
extracted from the oscillation probabilities if the
other oscillation parameters are known and if
there is enough energy information to disentan-
gle the different contributions to the oscillation
probabilities. However, many experiments either
have to poor energy resolution to disentangle this
information, or have too narrow beam spectra to
have energy information at all. Therefore, it is a
good starting point to consider a total rate mea-
surement first. In this case, one cannot extract
θ13 and δCP simultaneously, and one only obtains
a curve in the θ13-δCP-plane reflecting the degen-
erate solutions. Therefore, it is a common strat-
egy to use the CP-conjugated channels, such as
νe → νµ and ν¯e → ν¯µ, which breaks the contin-
uous degeneracy between θ13 and δCP. However,
the Earth’s matter potential is not CP-symmetric
(because it does not contain antimatter), which
means that matter effects obscure the extraction
of fundamental CP violation. An oscillation chan-
nel which does not have this problem is the T-
conjugated platinum channel, such as in a neu-
trino factory or by combining a superbeam with
a beta beam. However, note that for the mass hi-
erarchy determination, the CP asymmetry of the
matter profile can be used as a virtue.
Even if both neutrinos and antineutrinos are
used, there is several discrete degeneracies re-
main in the parameter space: The (δ, θ13) [21],
sgn(∆m231) [22], and (θ23, π/2−θ23) [23] degenera-
cies, i.e., and overall “eight-fold” degeneracy [24].
For the resolution of correlations and degenera-
cies, a number of approaches have been discussed
(see, e.g., Ref. [1]): Matter effects to break the
sgn(∆m231)-degeneracy and to measure the mass
hierarchy, such as by using a wide-band beam
from Fermilab to an underground laboratory, in
T2KK, or a very long neutrino factory baseline.
Different beam energies or a better energy res-
olution at the detector, such as by using a wide-
band beam with a good enough detector, a beta
3beam with different isotopes, or a monochromatic
beam. A second baseline, such as a baseline
from Japan to Korea for T2KK, a “magic” base-
line [25] at a neutrino factory or beta beam, or
a second detector in the NuMI beam. Better
statistics, such as by using a megaton-size de-
tector, a neutrino factory, or a beta beam. Ad-
ditional channels, such as by combining a su-
perbeam and beta beam, using the golden and
silver channels at a neutrino factory, or adding
the information from reactor experiments. Using
other experiment classes, such as atmospheric
neutrino experiments.
An interesting discussion in this context is, for
instance, the comparison between narrow-band
(off-axis) and wide-band (on-axis) superbeams.
In Ref. [26], the optimization for a NuMI-like
beam pointed towards a 100 kt liquid argon detec-
tor has been performed in terms of off-axis angle
and baseline. It has been demonstrated that, if
the detector has good enough energy resolution
and background rejection, it is, in principle, bet-
ter to be on-axis and use the wide beam spectrum.
It is currently a matter of discussion if a water
Cherenkov detector has the required quality in
order to be used as such an on-axis detector. As
another example, the option to combine different
baselines (and beam energies) has already been
pointed out in the context of the first-generation
superbeams [27]: In order to achieve complemen-
tarity between T2K and NOνA, a NOνA baseline
significantly longer than the MINOS baseline was
needed.
Experiment choice and optimization. The
choice of a future long baseline experiment will
probably dependent on the outcome of cur-
rently operated or constructed experiments, and
other boundary conditions, such as the LHC re-
sults. For the timescale, one may expect to
know from reactor and long baseline experiments
that sin2 2θ13 & 0.04 by about 2011, and that
sin2 2θ13 & 0.01 by 2015 [28]. Obviously, choosing
any of the two dates or sin2 2θ13 values as a deci-
sion point, one obtains two qualitatively different
cases relevant for the future experiment strategy:
θ13 discovered (“θ13 large”) and θ13 not discov-
ered (“θ13 small”).
3 These two cases are qual-
itatively different since for small θ13, one would
optimize for discovery reaches for as small as pos-
sible θ13, whereas for large θ13, one would opti-
mize for discovery reaches for as many as possible
δCP. We will illustrate these differences below.
Let us first of all discuss the large θ13 case, i.e.,
θ13 discovered. For example, assume that Double
Chooz establishes θ13 > 0 at the 90% confidence
level. In this case, there will be an allowed range
for θ13, such as 0.06 . sin
2 2θ13 . 0.10 for the
best-fit sin2 2θ13 = 0.08 after three years of oper-
ators (1.5 years of these with a near detector) [28].
For any future experiment, it is then easy to come
up with a minimum wish list, which may look as
follows [30]:
• 5σ independent confirmation of θ13 > 0 for
any (true) δCP,
• 3σ mass hierarchy determination for any
(true) δCP,
• 3σ CP violation discovery for 80% of all
(true) δCP
for any possible θ13 in the remaining Double
Chooz allowed range. Any experiment which can
fulfill these requirements is good enough for the
future neutrino program. However, one can also
reverse the problem: What is the minimal ef-
fort to have these sensitivities? This minimal
effort criterion has been studied in Ref. [30] for
a beta beam. In this case, “minimal” refers to
using only one baseline at an as low as possible
luminosity (affecting the ion source and acceler-
ation effort) and as low as possible boost factor
(affecting the acceleration effort). However, in a
green-field scenario, the baseline can be chosen
arbitrarily without significantly affecting the ef-
fort. There are two important outcomes of such
a study: Within any realistic scenario, the base-
line has to be significantly longer than 500 km
for the mass hierarchy sensitivity, whereas the CP
violation sensitivity typically limits the minimal
possible boost factor. For example, a boost fac-
tor as low as 140 could be sufficient depending on
3Although the current best-fit for sin2 2θ13 is not at zero
anymore [29], it does not affect this discussion since this
deviation is not yet significant.
4the luminosity, baseline, and θ13 best-fit, which
means that a boost factor as high as 350 may not
be necessary [31]. The CERN-SPS may be suffi-
cient for this purpose if 8B and 8Li can be used as
isotopes at sufficiently high luminosities (about a
factor of two higher than typically anticipated).
For small θ13, i.e., θ13 not discovered, the sit-
uation will be very different: One cannot clearly
define criteria such as the ones above. Since there
has been no θ13 discovery, it is unclear how small
θ13 are actually good enough, and even if one has
decided, one has to make a choice for the frac-
tion of the (unknown) δCP one wants to have this
measurement for. As illustrated in Ref. [32] for
beta beams, within realistic boundary conditions,
the minimal effort is essentially a matter of cost.
The same applies to other types of long baseline
experiments which are not systematically limited.
Therefore, it is quite likely that the decision for a
future long baseline facility will depend on other
impacts, such as the connection to the high en-
ergy frontier. For example, the neutrino factory
front-end may be shared with a muon collider test
facility [33].
Finally, note that this discussion on experiment
choice and optimization has been purely concep-
tual. Especially for the next generation experi-
ments, the choice will depend on regional bound-
ary conditions. These regional perspectives are
extensively discussed within this conference by a
number of other speakers.
Example: Neutrino factory. This section is
devoted to the physics potential of a neutrino fac-
tory [34] as an example for a future long baseline
experiment. There was an International Design
Study [35] (IDS-NF) initiated in 2007, which is
an initiative to present a design report, schedule,
cost estimate and risk assessment for a neutrino
factory until about 2012. The IDS-NF has de-
fined a baseline setup based on the International
Scoping Study of a future neutrino factory and
superbeam facility [1,36,37]. In short, this base-
line setup uses two 50 kt magnetized iron de-
tectors, one at 3000-5000 km and one at 7000-
8000 km, and 1021 useful muon decays per year
(in all polarities and baselines together), operated
at a muon energy of 25 GeV. The two-baseline
optimization for the main performance indicators
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Figure 1. Discovery reaches for θ13, the (nor-
mal) mass hierarchy, and CP violation (3σ) for
the IDS-NF baseline setup 1.0 [35] as a function
of true sin2 2θ13 and fraction of (true) δCP. Dis-
covery on right hand sides of the curves.
has been revisited in Ref. [38], where this combi-
nation has proven to be even unaffected by the
presence of non-standard interactions (whereas
the absolute sensitivities are deteriorated). The
discovery potential for θ13, the (normal) mass hi-
erarchy, and CP violation for this setup is shown
in Fig. 1. It is quite impressive for the primary
performance indicators, which may be the main
motivation to build this experiment. But what
else can we expect from a neutrino factory?
First of all, we expect precision for the quanti-
ties of interest. For example, it has been shown
in Ref. [39] (Fig. 6) about a 10% full width er-
ror on log10
(
sin2 2θ13
)
can be obtained for the
true sin2 2θ13 = 0.001 (3σ CL). Note that this
sin2 2θ13 will be about one order of magnitude
smaller than the bound from the next generation
of reactor experiments and superbeams. Further-
more, as pointed out in Ref. [40] (depending on
the true δCP, see Fig. 7) about a 20 to 60 degree
full width error can be achieved for δCP for the
true sin2 2θ13 = 0.001 (3σ CL). But what does
that mean? And what precision does one actu-
ally need from the theoretical point of view? For
example, in certain QLC models, one can obtain
5sum rules such as [6]
sin δCP ≃
√
2 θC sin 2Φ , (3)
where Φ is a model parameter. Such sum rules or
even systematic scans of the parameter space [41]
motivate a Cabibbo-angle precision for δCP, i.e.,
about 13 degrees. The above quoted full width
error corresponds to such a precision.
Apart from the standard oscillation parame-
ters, there is a number of other “guaranteed” os-
cillation measurements at a neutrino factory. De-
pending on the magnitude of sin2 2θ13, one will
obtain a matter density measurement at the level
of about 0.2% (sin2 2θ13 = 0.1) to 2% (sin
2 2θ13 =
0.001) along the very long baseline at the 1σ
CL [39,42,43], which will be very complementary
to seismic wave approaches. In addition, using
the solar term in the appearance probability, one
can verify the MSW effect in Earth matter at 5σ
for L & 6000 km even for sin2 2θ13 ≡ 0 [44]. This
is very different from the mass hierarchy sensitiv-
ity, which is only rudimentarily present via the
disappearance channel for sin2 2θ13 ≡ 0 [45]. As
a last example, for large enough deviations from
maximal atmospheric mixing, one can resolve the
octant degeneracy with the combination of the
two baselines for any sin2 2θ13 [39], or one can
use the silver channel at the shorter baseline [46].
The unexpected? During the planning of
a future experiment or during operation, one
should not forget that the potentially unexpected
could happen. For example, during operation, it
may turn out that other new physics contributes
to the measurements, such as non-standard inter-
actions (NSI) described by effective four fermion
vertices. Such NSI may be confused with the
standard oscillation parameters [47], but also of-
fer the chance to discover new physics [48].4 As an
interesting option, the NSI may even cause CP vi-
olation in the neutrino production/detection [16,
49,50] or propagation [51]. For instance, even if
there is no CP violation in δCP, one may dis-
cover CP violation from ǫmeτ & 0.01 in the neu-
trino propagation for up to 50% to 80% of all
(true) values of the corresponding CP violating
4The bounds expected from the IDS-NF setup can be
found in Ref. [38].
phase [51]. Whenever one discusses such large
NSI, one should of course consider if such large
NSI can be produced by an underlying gauge
invariant model. In fact, one can show that a
model producing such large ǫmeτ requires at least
dimension eight effective operators with (at least)
two mediator fields, satisfying a number of can-
cellation conditions [52]. This implies that the
new physics scale cannot be much higher than
about 300 GeV to discover such a new CP viola-
tion, and, because of the very specific model re-
quirements, an arbitrary LHC-observable model
will most likely not produce large enough effects.
Nevertheless, because it is impossible to predict
the unexpected, one should follow an inclusive
strategy, such as by using all available channels.
Another potentially unexpected case is the
measurement of one of the relevant parameters
by a different source of information, such as from
a supernova explosion, from atmospheric neutri-
nos, LHC, or 0νββ decay. As one example, flavor
ratios in neutrino telescopes may allow for mix-
ing parameter measurements if the accumulated
statistics is good enough and the astrophysical
sources are well enough known [53]. For exam-
ple, the first measurement of δCP could actually
come from a reactor experiment plus astrophysi-
cal source in that case [54]. Since source uncer-
tainties affect the measurement and the accumu-
lated statistics will probably be rather poor [55],
one may choose pion decay sources only, for which
the parameter dependence on δCP is small in the
standard oscillation scenario. In some neutrino
decay scenarios, however, one can do the astro-
physical plus reactor measurement even with this
type of neutrino source or little knowledge on the
source [56]. This is only one out of many ex-
amples in which some external knowledge could
impact the long baseline strategy.
Summary and conclusions. In summary,
choosing and optimizing a long baseline exper-
iment faces a number of challenges. From the
physics point of view, correlations and degen-
eracies demand resolution strategies, theory re-
quires a number of performance indicators to be
measured, and the potentially unexpected indi-
cates to use strategies as inclusive as possible,
such as to combine different channels. Apart
6from physics, other factors impact the experiment
strategy, such as political support, regional inter-
ests, results from LHC, or possible measurements
of the same quantities by different experiment
classes. Because of these partially open boundary
conditions, we should stay open for new possibil-
ities, and develop the existing ones further.
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